Thymic stromal lymphopoietin (TSLP) was reported to induce dendritic cells to produce Th2-attracting chemokines, followed by allergic inflammation through stimulating not only CD4-positive T cells but also CD8-positive T cells. Therefore, in this experiment, GeneChip and hierarchical clustering were applied to screen the molecules in whole immunity triggered by TSLP directly and indirectly using both adult peripheral and cord blood mononuclear cells as well as isolated monocytes. Gene expression profiles screened a variety of molecules that are triggered by TSLP with or without CD40 ligation. In the profile, RNA expressions of indoleamine 2,3-dioxygenase, that is known to induce anergy of T cells and natural killer cells in protecting fetal rejection; many kinds of proteasomes that were reported to trigger cytokine production by inhibiting suppressors of NF-B; and several kinds of chemokines increased, whereas RNA expression of superoxide dismutase 1 decreased, which was unexpected but considered worthy of notice. Expression of chemokines at protein levels and enzymatic activity of indoleamine 2,3-dioxygenase was further confirmed to increase in the presence of TSLP using ELISA and HPLC, respectively. These results suggest that the advent of microarray technology may enable us to screen novel molecular targets to treat TSLP-related allergic inflammation. (Pediatr Res 57: 563-569, 2005) Abbreviations CBMC, cord blood mononuclear cell DC, dendritic cell IDO, indoleamine 2,3-dioxygenase IFN-␥, interferon-␥ MCP1, monocyte chemotactic protein-1 M-CSF, macrophage-colony stimulating factor MDC, macrophage-derived chemokine PBMC, peripheral blood mononuclear cell TARC, thymus and activation-regulated chemokine Th1, T helper 1 Th2, T helper 2 TNF-␣, tumor necrosis factor-␣ TSLP, thymic stromal lymphopoietin Aberrant skewing to either T helper type 1 (Th1) or T helper type 2 (Th2) cells may cause autoimmune or allergic inflammatory disorders. The allergic diseases, including atopic eczema, food allergy, bronchial asthma, and allergic rhinoconjunctivitis, are considered the clinical results of inflammation triggered by dysregulated production of Th2-derived cytokines (1). Indeed, development of allergic inflammation in mice was prevented by administration of certain mycobacterial strains through a shift from Th2 to Th1 immune responses (2). In addition to allergic inflammatory disorders, cord and neonatal blood are known to demonstrate Th2 dominant immunity (3), which is not a pathologic but rather a physiologic condition and explains the reduced reactivity of the maternal immune system against the fetal allograft (4). Despite Th2 skewing, neonates rarely have allergic reactions, and there is a low frequency of graft-versus-host disease in cord blood transplantation (5). Thus, cord blood may have different immunologic characteristics from adult blood, although these differences are not fully delineated.
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Thymic stromal lymphopoietin (TSLP) has been cloned initially as a novel cytokine to promote B cell development in mice (6,7). Recently, TSLP was found to mediate allergic inflammation by inducing dendritic cells (DCs) to produce the Th2-attracting chemokines thymus and activation-regulated chemokine (TARC; also known as CCL17) and macrophagederived chemokine (MDC; CCL22) in human (8) . Furthermore, TSLP-primed DCs triggered naïve CD4 ϩ T cells to produce IL-4, IL-5, IL-13, and tumor necrosis factor-␣ (TNF-␣), while concurrently diminishing production of IL-10 and interferon-␥ (IFN-␥) (8) . In contrast to CD4 ϩ T cells, TSLPprimed DCs were demonstrated to trigger CD8 ϩ T cells to secrete IL-5 and IL-13 and to induce cytolytic activity in concordance with CD40 ligation (9) . Thus, TSLP affects not only DCs but also the immune system as a whole by inducing allergic inflammation by skewing to Th2 in human. However, whole pictures of Th2 skewing triggered by TSLP have not been elucidated.
The development of microarray methods for large-scale analysis of gene expression makes it possible to search systematically for key molecules (10) . This search has been undertaken to differentiate gene expression profiles of Th1 cells from those of Th2 T cells (11) (12) (13) (14) as well as to determine a molecular classification of cancer to predict a more precise prognosis (15) . In this experiment, GeneChip and hierarchical clustering were applied to screen the molecules triggered by TSLP directly and indirectly by whole immunity using both peripheral blood mononuclear cells (PBMCs) and cord blood mononuclear cells (CBMCs). Gene expression profiles screened a variety of molecules triggered by TSLP with or without CD40 ligation. In the profile, RNA expressions of indoleamine 2,3-dioxygenase (IDO) that is known to induce anergy of T cells and natural killer cells in protecting fetal rejection; many kinds of proteasomes that were reported to trigger cytokine production by inhibiting suppressors of NF-B; and several kinds of chemokines increased, whereas RNA expression of superoxide dismutase 1 decreased, which was unexpected but considered worthy of notice. Expression of chemokines at protein levels and enzymatic activity of IDO was further confirmed to increase in the presence of TSLP.
METHODS
Preparation of blood-derived mononuclear cells. The Ethics Committee for Biomedical Research of the Jikei Institutional Review Board, Jikei University School of Medicine, approved the study protocol. All human subjects in this study provided written informed consent. Heparinized peripheral blood (200 mL) was obtained from 25 healthy adult male volunteers, and heparinized cord blood (50 -100 mL) was obtained from eight placentas after normal delivery. Mononuclear cells were isolated by centrifugation on a Ficoll-Paque density gradient (Amersham Biosciences, Uppsala, Sweden). They were cultured for 96 h in 90% RPMI 1640 with L-glutamine/streptomycin-penicillin mixed medium supplemented with 10% fetal bovine serum at 37°C in a humidified 5% CO 2 atmosphere at 0.5 ϫ 10 6 /mL in 10 mL in the medium alone, with TSLP (20 ng/mL; R&D Systems, Minneapolis, MN), with murine anti-CD40 MAb (1.0 g/mL; R&D Systems), or with both TSLP (20 ng/mL) and murine anti-CD40 MAb (1.0 g/mL).
Isolation of monocytes from adult PBMCs and in vitro generation of macrophages. Isolation of human monocytes from peripheral blood was performed by depletion of nonmonocytes using the MACS monocytes isolation kit (Miltenyi Biotec, Auburn, CA). For depletion of T cells, natural killer (NK) cells, B cells, dendritic cells, and basophiles from PBMCs, these cells were indirectly magnetically labeled using a cocktail of hapten-conjugated CD3, CD7, CD19, CD45RA, CD56, and anti-IgE antibodies and MACS microbeads coupled to an anti-hapten MAb. The magnetically labeled cells were depleted by retaining them on a MACS column in the magnetic field of the MidiMACS. The final purity of monocytes was Ͼ99% confirmed with anti-CD14 antibody.
The isolated monocytes from nine volunteers were cultured to differentiate macrophages for 7 d in the presence of macrophage-colony stimulating factor (M-CSF; 10 ng/mL; R&D Systems) with IFN-␥ (100 ng/mL) added for the final 18 h and used for GeneChip. For measurement of tryptophan and kynurenine concentrations, the in vitro-generated macrophages in the presence of M-CSF as well as PBMCs from the other eight volunteers were cultured for 96 h in at 0.5 ϫ 10 6 /mL in 1 mL in the medium alone, with IFN-␥ (100 ng/mL) or TSLP (20 ng/mL), with murine anti-CD40 MAb (1.0 g/mL), or with both TSLP (20 ng/mL) and murine anti-CD40 MAb (1.0 g/mL).
GeneChip expression analysis. Total RNA was isolated from cultured cells with RNeasy mini kits (Qiagen, Valencia, CA), according to the manufacturer's specifications. More than 11 g (median; range, 1.8 -3.5 g/10 6 cells) was used for one GeneChip expression analysis. Human genome-wide gene expression was examined using the Human Genome Focus Array (GeneChip; Affymetrix, Santa Clara, CA), which contains the oligonucleotide probe set for 8500 full-length genes, according to the manufacturer's protocol (Affymetrix). Double-stranded cDNA was synthesized, and the cDNA was subjected to in vitro transcription in the presence of biotinylated nucleotide triphosphates. The biotinylated cRNA was hybridized with a probe array for 16 h at 45°C, and the hybridized biotinylated cRNA was stained with streptavidin-phycoerythrin and then scanned with a Gene Array Scanner. The fluorescence intensity of each probe was quantified using a computer program, GeneChip Analysis Suite 5.0 (Affymetrix). The expression level of a single RNA was determined as the average fluorescence intensity among the intensities obtained by 11 paired (perfect matched and single nucleotide mismatched) probes that consisted of 25-mer oligonucleotides. When the intensities of mismatched probes were very high, gene expression was judged to be absent even when a high average fluorescence was obtained with the GeneChip Analysis Suite 5.0 program. The level of gene expression was determined as the average difference using GeneChip software.
ELISA for chemokines. M-CSF-generated macrophage culture supernatants were collected at 96 h, frozen at Ϫ80°C, and analyzed within 1 mo using ELISA kits for human TNF-␣, TARC, MDC, monocyte chemotactic protein-1 (MCP-1 or CCL2), and RANTES (CCL5; R&D Systems).
HPLC determination of tryptophan and kynurenine. Total free tryptophan and kynurenine were quantified in culture media by HPLC as previously described (16) . A 1-mL volume of medium was mixed with 0.2 mL of 30% trichloroacetic acid and centrifuged at 2000 ϫ g for 5 min. The supernatant was filtered though a 0.45-m-probe-size filter. The chromatography was performed in a Shimadzu LC-10A liquid chromatograph. The chromatographic separation was achieved using a column of Shim-pack CLC-ODS (6.0 mm ID ϫ 150 mm L) and a guard column of Shim-pack of GVP-ODS (4) (4.0 mm ID ϫ 10 mm L) at 40°C and flow rate of 1.0 mL/min with 3% CH 3 CN/100 mM NaH 2 PO 4 (pH 3.3). The absorbance of the column effluent was monitored at 285 and 365 nm for tryptophan and kynurenine, respectively.
Statistics. To eliminate changes within the range of background noise and to select the most differentially expressed genes, we used data only when raw data values were Ͻ50 average difference and the gene expression was judged to be present by Affymetrix data analysis. Next, we used an SD threshold of 50 average difference to select the most variably expressed sequences. Hierarchical clustering was analyzed with the Spotfire software version 7.0 (Spotfire, Somerville, MA) (17) . The z score is the SD from the normal mean value of raw data transformed by log2 in each gene and used as normalization. For gene names, http://dr-urashima.jp/excel/genenames.xls; for raw data of PBMCs: http://dr-urashima.jp/excel/PBMCs.xls; for raw data of CBMCs: http://dr-urashima.jp/excel/CBMCs.xls: for raw data of macrophages: http:// dr-urashima.jp/excel/macrophages.xls. Concentrations of chemokines and tryptophan/kynurenine in each condition were compared with medium alone using Wilcoxon signed-rank test.
RESULTS
Comparison of gene expression profiles between IFN-␥-stimulated macrophages, PBMCs, and CBMCs with or without TSLP and/or anti-CD40 antibody. First, we applied hierarchical clustering to classify all 82 samples, using the 1818 most variably expressed transcripts. The resulting clusters demonstrated distinctions between IFN-␥-stimulated macrophages, CBMCs, and PBMCs despite the absence or presence of TSLP and/or anti-CD40 antibody (Fig. 1) .
Some specific genes in clusters were selected when they belonged to a group with similar functions. PBMCs expressed 564 higher levels of granzymes (B, K, A), many kinds of proteasomes (RPL14, RPL18, RPL23, RPL29, RPL35, RPL4, RPL5, RPL6, RPS10, RPS19, RPS5, RPS6, RPS6KA3, RPS7, RPS9, RPLP2, RPLP0), some kinds of chemokines (CCL22, CCL5, CCR2, CX3CR1, CCL4), and receptors for IL-4 and IL-13 than monocytes and CBMCs. Macrophages and PBMCs both showed higher level expression of IDO as well as kynureninase and kynurenine 3-monooxygenase than CBMCs. In contrast, HLA-D-related antigens were lower, whereas RNA expressions of Hb-related genes, myeloperoxidase, synuclein, Rnase, and apolipoprotein E were higher in CBMCs than others.
Effects of TSLP and/or CD40 ligation on PBMCs. Next, hierarchical clustering was applied to determine the effect of TSLP and/or CD40 ligation focusing on PBMCs, using the 951 most variably expressed transcripts. Computation clearly separated 32 samples into four clusters: eight samples cultured in medium alone, eight samples with anti-CD40 antibody, eight samples with TSLP, and eight samples with both TSLP and anti-CD40 antibody (Fig. 2) .
As mentioned previously (8), TARC and MDC were upregulated in the presence of TSLP with or without CD40 ligation. Moreover, IDO and kynureninase as well as TNF-␣ increased in the presence of TSLP. RNA expressions of these molecules were further enhanced by combination of TSLP and anti-CD40 antibody. Proteasomes were specifically increased in the presence of TSLP with or without anti-CD40 antibody. In contrast, superoxide dismutase was decreased by TSLP. Moreover, CD40 ligation decreased CCL5, CX3CR1, and CXCR4, whereas it increased CD19, CD83, and thymidine synthetase.
Effects of TSLP and/or CD40 ligation on CBMCs. As performed in PBMCs, hierarchical clustering was used to determine the effect of TSLP and/or CD40 ligation on CBMCs, using the 1375 most variably expressed transcripts (Fig. 3) . Computation failed to separate 32 samples in association with culture conditions. However, proteasomes and kynureninase increased in the presence of TSLP.
Confirmation of increased expressions of cytokines/ chemokines at protein levels. Typical cytokines and chemokines were measured at protein levels to confirm validity of GeneChip expression analysis using macrophages (Fig. 4) . TARC and MDC increased by TSLP or CD40L, which was 
565
further enhanced in the presence of both TSLP and CD40L. Similarly, MCP-1 and TNF-␣ were synergistically increased in the presence of both TSLP and CD40L. In contrast, protein levels of RANTES were decreased in the presence of TSLP.
Effects of TSLP and/or CD40 ligation on IDO activity in monocytes and in PBMCs. PBMCs (Fig. 5A) and macrophages (0.5 ϫ 10 6 cells/mL) that were generated from adult PBMCs in the presence of M-CSF (10 ng/mL; Fig. 5B ) were cultured for 96 h in medium alone with TSLP; anti-CD40 antibody; and a combination of TSLP, anti-CD40 antibody, and IFN-␥ (100 ng/mL). Then, concentrations of tryptophan and kynurenine were measured using HPLC.
Using PBMCs, concentrations of tryptophan decreased in the presence of IFN-␥ (p ϭ 0.014), TSLP (p ϭ 0.013), and TSLP plus anti-CD40 antibody (p ϭ 0.020); these decreases were significantly different from medium alone. However, concentration of tryptophan did not alter in the presence of anti-CD40 antibody. In contrast, concentrations of kynurenine decreased significantly only in the presence of IFN-␥ (p ϭ 0.015) but did not significantly change in other conditions. M-CSF-generated macrophages showed similar tendency observed in PBMCs.
DISCUSSION
Immune cascades from initial stimulation to inflammation are highly complex processes involving alterations in the expressions of a variety of genes. The advent of microarray technology has enabled us to screen not only expected but also unexpected alterations in gene expressions. In this study, gene expression profiles were applied to screen important molecules when blood mononuclear cells were stimulated with TSLP and/or anti-CD40 antibody as a whole. Because each type of immune cell, such as DCs and CD4/CD8-positive T cells, stimulates or suppresses each other; the effects of cytokines on specific immune cells may not represent whole immune reactions to the cytokines. Therefore, whole mononuclear cells were used to screen unexpected molecules from thousands of genes, as reported previously in antigenstimulated PBMCs, as used in a previous report (18) .
Among a variety of gene expressions altered by the addition of TSLP, we targeted IDO, which is a rate-limiting enzyme, to catabolize tryptophan to kynurenine (19) . RNA expression of IDO was up-regulated in the presence of TSLP, which was enhanced by CD40 ligation in this study. These altered expressions were further examined to parallel the enzymatic function of IDO, as IDO protein can exist in both enzymatically active and inactive states (20, 21) . In this study, the enzymatic activity was confirmed by a decrease in tryptophan in the culture supernatants that paralleled their RNA expression levels in PBMCs as well as in macrophages. Local tryptophan degradation by IDO was discovered to suppress T cell (21) and NK cell proliferation (22, 23) , resulting in protecting against fetal rejection (24, 25) or escaping tumor rejection (26, 27) . Thus, IDO works as an immune suppressor, generally. In contrast, TSLP transgenic mice developed to systemic inflammation including glomerulonephritis (28, 29) .
Similarly, CD40 ligation also stimulates immunity (30) . Induction of IDO may play a role in suppressing inflammation triggered by TSLP with or without CD40 ligation. IFN-␥ that is also known as an immune stimulator was demonstrated to induce expression of IDO in our study and previous literature (31) , suggesting the existence of similar mechanisms for negative regulation against overinflammation. In the comparison between CBMCs and PBMCs, HLArelated antigens were lower in CBMCs, which is consistent with a previous report indicating that hypoimmunoresponses of cord blood might be due to low cell surface expressions of HLA and cell adhesion molecules (32) . Moreover, hematopoietic progenitor cells are circulating in CBMCs (33) , resulting in higher expressions of RNA for Hb and myeloperoxidase than PBMCs observed in this study. In addition, higher expressions of synuclein known to associate with Parkinson's disease (34) , RNase reported to relate with interference (35) , and apolipoprotein E considered as Alzheimer's disease (36) were observed in CBMCs than in PBMCs, although the meanings of them expressed in CBMCs should be investigated as future directions. Furthermore, the proportions of blood cell components in CBMCs are different from PBMCs (37) .
PBMCs expressed higher levels of granzymes, which may also explain decreased cytotoxic activity in cord blood (38) . Of interest, many kinds of proteasomes were higher in PBMCs than in CBMCs; in addition, TSLP further increased the expressions of proteasomes in PBMCs. The transcription factor NF-B is thought to have a central role in the induction of proinflammatory gene expression (39) , the function of which is classically regulated by proteasomal degradation of its associated inhibitors IB␣ and IB␤ (40) . Thus, increased expressions of proteasomes may enhance the function of NF-B, resulting in secretion of a variety of cytokines.
Chemokines, a superfamily of polypeptide mediators, play important roles in attracting immune cells (41) (42) (43) , which were also different among PBMCs, CBMCs, and macrophages. PBMCs expressed CCL22 (MDC), a Th2 chemokine; CCL5 (RANTES), which is expressed on normal T cells; CCR2, which is essential for efficient collateral artery growth (44) ; and CX3CR1 (Fractalkine), a Th1-type chemokine that is expressed on NK cells and on monocytes (45) . In contrast, expressions of CXCL4 (platelet factor 4) and CXCL7, which stimulates neutrophils to undergo firm adhesion to endothelial cells, transendothelial migration, and exocytosis of their secondary granule contents (46, 47) , were higher in CBMCs than in other cells. Expressions of CCL5, CX3CR1, and CXCR4 were suppressed by CD40 ligation, whereas those of CCL17 (TARC) and CCL22 (MDC) were up-regulated in the presence of TSLP, as previously reported (8) . In addition, CCL2 (MCP-1), which is involved in inflammatory disorders of the lung (48); CCL3, a macrophage inflammatory protein-1␣; CCL4; CCL13; CCR5; CR1; CCR2; CXCL9; and CXCL10 (49) were up-regulated by TSLP.
In conclusion, the advent of microarray technology may enable us to screen novel molecular targets to treat TSLPrelated allergic inflammation, although further validation studies using functional assay should be needed for each screened molecule.
